It is well known that bacteria often exist in naturally formed multispecies biofilms. Within these biofilms, interspecies interactions seem to have an important role in ecological processes. Little is known about the effects of interspecies interactions on gene expression in these multispecies biofilms. This study presents a comparative gene expression analysis of the Xanthomonas retroflexus transcriptome when grown in a single-species biofilm and in dual-and four-species consortia with Stenotrophomonas rhizophila, Microbacterium oxydans and Paenibacillus amylolyticus. The results revealed complex interdependent interaction patterns in the multispecies biofilms. Many of the regulated functions are related to interactions with the external environment and suggest a high phenotypic plasticity in response to coexistence with other species. Furthermore, the changed expression of genes involved in aromatic and branched-chain amino acid biosynthesis suggests nutrient cross feeding as a contributing factor for the observed synergistic biofilm production when these four species coexists in a biofilm.
Introduction
Natural biofilms accommodate multiple species where interactions are crucial in shaping dynamic communities (Hall-Stoodley et al., 2004; Burmølle et al., 2014; Lee et al., 2014) . Previously, we showed cooperative interactions between four soil isolates in a multispecies biofilm resulting in increased cell numbers and biofilm formation relative to single-species biofilms (Ren et al., 2015) . A strong biofilm producer, Xanthomonas retroflexus, was combined with Stenotrophomonas rhizophila, Microbacterium oxydans and Paenibacillus amylolyticus and despite their incapability of single-species biofilm formation, the three other strains were indispensable for the strong synergy, which makes this consortium a powerful model for studying interactions in multispecies biofilms.
Here, the gene expression profile of X. retroflexus in single-species biofilm was compared to dual-and four-species biofilms with S. rhizophila, M. oxydans and P. amylolyticus. We utilized a RNA-Seq-based metatranscriptomic approach and found significant effects of interspecies interactions on gene expression.
Results
Transcriptome libraries were created from single-, dual-and four-species biofilms (in three, three and five replicates, respectively) of X. retroflexus combined with S. rhizophila, M. oxydans and P. amylolyticus (Supplementary Materials and Methods). In total, 125 Mb of the transcripts were mapped to coding sequences of the X. retroflexus genome with sample sizes ranging between 3.16 and 17.38 Mb (Supplementary Tables S1 and S2 ). To ensure that the statistical analyses were based on a sufficient signal, the top thousand most abundant genes, with a mapping of at least 400 transcripts, were tested (⩾8.10-fold coverage). About 84% of the total base pairs of the protein-coding transcriptome of X. retroflexus mapped to these thousand genes.
Protein-coding transcripts from S. rhizophila and M. oxydans comprised a low fraction of the total metatranscriptome compared with X. retroflexus (mean S. rhizophila = 10.5 ± 0.6% and mean M. oxydans = 2.1 ± 0.9%), whereas P. amylolyticus transcripts dominated in samples from the dual-species biofilm (mean P. amylolyticus P. amylolyticus transcripts decreased (mean P. amylolyticus = 52.0 ± 4.8%) and the total amount of biofilm increased significantly (Figures 1a and b) . Investigating the gene expression of X. retroflexus, the five replicates of the four-species biofilm and the three replicates of the dual-species biofilm with P. amylolyticus created two distinct clusters in a principal coordinate analysis (PCoA) of the Bray-Curtis dissimilarity between the samples (Figure 1c ). These emphasize a very consistent and unique expression profile of the multispecies biofilms.
About 158 genes were significantly regulated at a minimum of eightfold expression change when comparing the single-species to the dual-and four-species biofilms (Supplementary Materials and Methods). The fold changes of these genes are displayed in Figure 2a and support the observations from the PCoA. Many of the upregulated genes gradually increased from the P. amylolyticus dual-species biofilms to the four-species biofilms and this pattern seemed to be highly correlating with the first principal coordinate (Figures 1c and 2a) . A total of 141 genes were differentially expressed in the four-species biofilms and 52 of these were specific for this biofilm (fold change 48 in the fourspecies and fold change o2 in the dual-species biofilms). Of these 52, only four were upregulated, whereas 48 were downregulated.
To get an overview of the changed functions in the four-species biofilm, the 141 responding genes were annotated to eggNOG functional groups and Figure 2b illustrates the distributions within the categories (Supplementary Table S3 ; Powell et al., 2014) . Of the 12 genes annotated to 'Amino Acid Metabolism and Transport', two were specifically involved in branched-chain amino acid synthesis and two were involved in tryptophan synthesis. The downregulation of ilvA (threonine deaminase) and upregulation of ilvE (branched-chain amino acid aminotransferase) indicate a decrease in alpha-ketobutyrate production, reducing isoleucine production and shifting the pathway to valine and leucine synthesis when all four species are present (Figure 2c ; Levinthal et al., 1973) .
Chorismate is a common precursor for aromatic amino acids. The downregulation of trpE (anthranilate synthase component I) and trpB (tryptophan synthase beta chain) indicates lower priority of the tryptophan pathway (Figure 2c ) in the multispecies biofilm. A unique downregulation of a gene (kynU kynureninase) involved in the tryptophan catabolism further supports this prioritization. The remaining seven genes within the eggNOG functional category were annotated to either ambiguous functions or proved hard to interpret (Supplementary Table S3 ).
Ten genes encoding transcription factors, two chemotaxis genes, genes associated with the cell membrane and cell wall, 21 transporters, efflux pumps and signal transduction functions were regulated, indicating an active response to changes in the environment (Phelan et al., 2011) .
Discussion
This study compared the transcription profiles of X. retroflexus grown in single-, dual-and fourspecies biofilms in combination with S. rhizophila, Figure 1 An RNA sequencing experiment was performed on a multispecies biofilm model system isolated from soil. X. retroflexus (Xr) was cultured in three replicates of single-and dual-species biofilms and five replicates of a four-species biofilm with S. rhizophila (Sr), M. oxydans (Mo) and P. amylolyticus M. oxydans and P. amylolyticus. When engaged in the four-species biofilm, a unique expression pattern for X. retroflexus emerged, which differed from the sum of the changes observed with the three strains individually. This indicates that complex interspecies interactions induce unique and consistent changes in the global gene expression, reflecting the emergent behavior of such multispecies communities.
P. amylolyticus induced the largest expression response in X. retroflexus and comprised a larger fraction of the total protein-coding transcripts, compared with the other dual-species biofilms.
Even though the genes induced by P. amylolyticus in dual-species incubations were consistently upregulated in the four-species biofilms, synergistic effects were not observed in terms of higher biofilm production in the dual-species incubations.
A total of 141 genes were regulated in the fourspecies biofilm and many of the functions can be related to the interaction with the external milieu and indicate a high phenotypic plasticity in response to the presence of other species (Frias-Lopez and Duran-Pinedo 2012; Sztajer et al., 2014) . At least 52 genes were regulated only in the four-species Figure 2 (a) Heatmap of the log2 fold change (LFC) between X. retroflexus gene expression in the single-species biofilm and multispecies biofilms. The dual-species biofilms with S. rhizophila (Sr), M. oxydans (Mo), P. amylolyticus (Pa) and the four-species biofilm (All), are all displayed and included 157 genes with a fold change 48. The inner circle shows differentially upregulated (blue/green) and downregulated (brown) genes in the four-species biofilms. Darker colors represent genes uniquely regulated in the four-species biofilm (fold change 48 in the four-species and fold change o2 in the dual-species biofilms). The size of external circles reflects the contribution of the genes in the separation of the samples in the PCoA (Figure 1c ) by displaying the significance of the adjusted P-values (BenjaminiHochberg) of the Pearson correlation between the genes and PCo1. The dendrogram represents a hierarchical clustering of the LCFs. (b) Likert chart of the eggNOG functional categorization of the genes that are differentially expressed in the four-species biofilm. The color codes are equal to Figure 2a . (c) Differentially regulated genes in the branched-chain and in the aromatic amino acid biosynthesis pathways for the four-species biofilm. Alpha-ketobutyrate and pyruvate are both processed with hydroxyethyl-thiamine pyrophosphate (TPP) through the same enzymatic apparatus to synthesize either isoleucine or valine and leucine. The observed downregulation of ilvA (threonine deaminase) indicates a decrease in alpha-ketobutyrate synthesis, which shifts the system away from the isoleucine pathway. The upregulation of ilvE (branched-chain amino acid aminotransferase) might indicate a resulting increase in valine and leucine production. The biosynthesis of aromatic amino acids is initiated by the production of chorismate. The downregulation of trpE (anthranilate synthase component I) and trpB (tryptophan synthase beta chain) indicates a lower conversion of chorismate to anthranilate and a decrease in the last step of the tryptophan synthesis, resulting in lower tryptophan levels. The transcripts of trpG (anthranilate synthase component II) and trpA (tryptophan synthase alpha chain) were of too low abundance to give a significant signal. LFCs relative to the single-species biofilm are displayed in the single-row heatmaps as in Figure 2a . Genes indicated with a '#' were among the top 1000 most abundant transcripts, which were tested for differential expression. biofilm and represent a diverse spectrum of functions. The majority (48) was uniquely downregulated, which could imply that the lifestyle in the multispecies biofilm allows X. retroflexus to deprioritize functions vital for the existence in monoculture. This hypothesis is supported by the observed gene regulation in the biosynthesis of costly amino acids and suggests that the cohabitants in multispecies biofilms may share products of energyconsuming pathways. Such division of labor has been shown to result in an overall higher fitness (Schink, 2002; Poltak and Cooper, 2011; Pande et al., 2014 Pande et al., , 2015 .
Overall, the results show a highly complex gene expression response to interspecies interactions in multispecies biofilms. Further analysis of the metabolome and gene knockout experiments, especially targeting the amino acid biosynthesis pathways, will lead to further understanding of the molecular mechanisms behind the observed synergistic biofilm production (Ren et al., 2015) .
